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INTRODUCTION
Factor-mediated reprogramming, the process by which overexpression of a defined set of transcription factors converts one cell type into another, has important implications for regenerative medicine and demonstrates the power that transcription factors have as cell fate determinants (Jaenisch and Young, 2008) . This has been shown for pluripotent stem cells, where three transcription factors (Oct4, Sox2, and Klf4) are sufficient to induce any cell type to become induced pluripotent stem cells (iPSCs) that are transcriptionally, epigenetically, and functionally indistinguishable from embryonic stem cells (ESCs) (Takahashi and Yamanaka, 2006; Wernig et al., 2008a) .
Ectopic expression of key transcription factors in somatic donor cells has been used to generate many different cell types, including cells resembling blood cells (Heyworth et al., 2002; Xie et al., 2004) , brown fat cells (Kajimura et al., 2009) , hepatocytes (Huang et al., 2011) , Sertoli cells (Buganim et al., 2012) , and various cell types of the neural lineage (Vierbuchen et al., 2010; Kim et al., 2011; Son et al., 2011; Yang et al., 2013 ). An important advance has been the generation of neural stem cells (NSCs) from embryonic fibroblasts, as these self-renewing somatic stem cells can be expanded for use in clinical application (Lujan et al., 2012; Han et al., 2012; Ring et al., 2012) . However, a number of issues remained unresolved and are the focus of this paper. In these studies, the induced NSCs (iNSCs) were still dependent on the constitutive factor expression. Importantly, because the published studies used a heterogeneous population of mouse embryonic fibroblasts (MEFs) as starting cells, it has been difficult to ascertain that indeed nonneural somatic cells gave rise to the iNSCs rather than preexisting neural cells (such as neural crest cells) present in the donor population. Finally, an extensive epigenetic analysis has not been performed on iNSCs, or any other directly converted cell type, to determine whether the chromatin has been reset to allow for cell type-specific gene expression to persist in the absence of the exogenous factors.
Here we show that transient overexpression of 8 transcription factors-Brn2, Hes1, Hes3, Klf4, Myc, Notch1, (NICD), PLAGL1, and Rfx4-in fibroblasts generates iNSCs that can differentiate into neurons, astrocytes, and oligodendrocytes and have similar genome-wide gene expression patterns and enhancer usage as primary-derived control NSC lines. We then used iPSC technology to generate a genetic system that converts multiple adult cell types to tripotent iNSCs, including liver cells and B cells that carry rearrangements in the immunoglobulin loci. Our results indicate that specific combinations of transcription factors can reset the genome of diverse cell types to that of NSCs.
RESULTS

Induction of iNSCs from MEFs
We generated doxycycline (dox)-inducible lentiviruses (Brambrink et al., 2008) that carried factors thought to be important for NSCs (Bylund et al., 2003; Elkabetz et al., 2008; Imayoshi et al., 2010) and transduced them into fibroblasts carrying a GFP reporter in the Sox2 locus (Sox2-GFP) (Ellis et al., 2004) . Initial experiments in which transduced MEFs were cultured in the presence of dox and then monitored for Sox2-GFP expression after dox withdrawal were unsuccessful. However, a modified strategy that included dox withdrawal from cells transiently grown in insulin, transferrin, selenium, and fibronectin (ITSFn) medium, which selects for NESTIN-expressing NSCs during in vitro differentiation of ESCs (Okabe et al., 1996) , generated multiple lines of Sox2-GFP + cells with a morphology resembling that of control NSCs (Figures S1A and S1B available online). Quantitative PCR (qPCR) analysis confirmed that fibroblast genes were silenced and NSC genes were activated ( Figure S1C ). Importantly, upon growth factor withdrawal, these cell lines differentiated and stained for neuronal marker TUJ1 and glial marker GFAP ( Figure S1D ).
To determine the factors responsible for generating selfmaintaining iNSC lines, we used PCR to identify the proviral transgenes carried in the genome of iNSC lines. We utilized primers that either spanned introns or, for singleexon genes, amplified between the TetO lentiviral promoter and the gene of interest. We found that between 13 and 21 different proviruses had integrated into the various iNSC lines ( Figure S1E ).
To identify essential factors, we focused on iNSC5, the line with the fewest number of proviruses. MEFs were transduced with the 13 factors carried in iNSC5-Sox2, Hes1, Hes3, Brn2, Klf4, Rfx4, Zic1, DN-REST, NICD, Lhx2, PLAGL1, Myc, and Bmi1-without (13F) or with (14F) Foxg1, which was reported to be important for creating dox-dependent iNSCs (Lujan et al., 2012) . To determine the minimal duration of factor expression needed to induce transdifferentiation, the cells were cultured in dox for different lengths of time ( Figure 1A ). iNSCs appeared only after 30 days on dox in both 13F and 14F cultures ( Figure 1A) and displayed morphologies and Sox2-GFP expression patterns similar to brain-derived control NSCs ( Figures 1B and 1C ). The cells proliferated in response to epidermal growth factor (EGF)/ fibroblast growth factor (FGF) signaling and were able to be expanded for more than 20 passages with similar growth properties as control NSCs ( Figure 1D ). qPCR revealed that iNSCs expressed NSC genes Brn2, Sox2 and Pax6, but had silenced MEF genes such as Col5a2 and Thy1 ( Figures 1E) .
To functionally characterize the iNSCs, we assessed their capacity to differentiate into neurons, astrocytes, and oligodendrocytes by growing them in previously defined conditions (Thier et al., 2012; Lujan et al., 2012) . When EGF/FGF were withdrawn from the growth medium and replaced by BDNF, NT3, and ascorbic acid, the cells differentiated into neurons that stained for TUJ1 and MAP2 (Figure 1F ). Whole-cell patch clamp recordings revealed that iNSC-derived neurons differentiated for 4 weeks exhibited action potential firing and voltage-gated ion currents, suggesting excitable membrane properties typical of developing neurons ( Figure 1G ). The iNSCs also differentiated into GFAP + astrocytes when the medium was supplemented with 5% serum, and growth in oligodendrocyteinducing conditions (Glaser et al., 2007) promoted differentiation to O4 + oligodendrocytes ( Figure 1F ). Control NSCs were differentiated in parallel and showed similar results for each differentiation condition ( Figure 1F ). Finally, to determine whether iNSCs remained tripotent after numerous passages, passage (P) 20 iNSCs were subjected to the same differentiation conditions, and they retained the ability to differentiate into neurons, astrocytes, and oligoendrocytes ( Figure 1F ). Thus, the iNSCs possessed the self-renewal and tripotency characteristics associated with NSCs.
iNSCs Are Transcriptionally and Epigenetically Similar to Primary NSCs Global gene expression and chromatin analysis were performed to characterize the iNSCs on a molecular level. Figure 2A shows that iNSCs had similar global gene expression patterns as ESC-derived neural precursor cells (NPCs) (Mikkelsen et al., 2008) and control NSCs derived from the same genetic background as the iNSCs. This was confirmed by hierarchical clustering and Pearson analysis, which showed that iNSC global gene expression patterns clustered with control NSCs and NPCs and were distinct from fibroblasts and differentiated neural cell types ( Figure 2B ).
Enhancers are epigenetically marked by histone H3 lysine K27 acetylation (H3K27ac) and display unique cell type-specific profiles (Creyghton et al., 2010) . To examine the epigenetic state of iNSCs, H3K27ac chromatin immunoprecipitation (ChIP)-seq was performed on MEFs, control NSCs, and iNSCs. Analysis revealed that iNSCs had a profile similar to control NSCs at many key neural loci such as Olig1/Olig2 ( Figure 2C ), but dissimilar from MEFs at loci expressed in fibroblasts like Col3a1/Col5a2 ( Figure  2D ). Finally, genome-wide analysis showed that iNSCs had a global active enhancer pattern similar to control NSCs and different from the starting population of MEFs ( Figure 2E ). This was confirmed for a number of loci (Figures S2A and S2B) . Thus, iNSCs had transcriptionally and epigenetically reprogrammed their nucleus to a state that was very similar to control NSCs and distinct from the MEF starting population.
A Genetically Homogenous System for Efficient iNSC Induction
To assess the reproducibility of iNSC formation, we developed a ''secondary'' system (Wernig et al., 2008b) 
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Direct Lineage Conversion to Neural Stem Cells and allowed transdifferentiation in the absence of virus transduction ( Figure 3A ). For this, iNSC-14F cells were reprogrammed to pluripotency using retroviral vectors (Figure S3A) . The resulting clonal iPSCs (14F-iPS) carried eight transcription factors-Brn2, Hes1, Hes3, Klf4, Myc, NICD, PLAGL1, and Rfx4 ( Figure S3B )-and were pluripotent, generating teratomas and contributing to chimera formation ( Figures S3C and S3D) . Secondary MEFs were isolated from E14.5 chimeras after removal of neural tissue and selection for puromycin resistance. When cultured in the presence of dox, these cells activated the transgenes and readily transdifferentiated into secondary iNSCs, whereas cells that had never been exposed to dox did not ( Figures S3E and S3F) . Secondary iNSCs displayed similar morphology, growth properties, and gene expression pattern as the original iNSC line and control NSCs ( Figures  S3F and S3G ) and were also capable of differentiating into neurons and glia ( Figure S3H ). 
Conversion of Adult Liver Cells to iNSCs
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Direct Lineage Conversion to Neural Stem Cells to 1% Sox2-GFP + cells (Lujan et al., 2012;  data not shown), which may indicate the presence of neural crest-derived cells in this heterogeneous cell population. Thus, it is possible that the iNSCs were generated from the selection of preexisting neural crest-derived cells rather than by transdifferentiation. To exclude this possibility, we next sought to convert adult liver cells to iNSCs using the secondary system. The liver of an adult 14F-iPS chimera was dissociated and cultured in the presence of dox for iNSC formation (Figures 3B and S3E) . The resulting iNSC lines displayed similar morphologies and NESTIN, PAX6, and Sox2-GFP expression patterns as control NSCs and other iNSC lines (Figures 3C and 3D) . qPCR analysis showed that the liver-derived iNSC lines expressed the NSC markers Brn2, Sox2, Sox3, Pax6, Ncan, Nestin, and Olig2 to a similar level as control NSCs, but did not express AAT or Albumin, which are expressed in liver cells ( Figure 3E ).
Differentiation analysis confirmed that liver-derived iNSCs were tripotent. The cells differentiated into TUJ1 + and MAP2 + neurons that were capable of generating action potentials ( Figures 3F and 3G) . In the presence of serum, they uniformly differentiated into GFAP + astrocytes (Figure 3G) . In oligodendrocyte-inducing conditions, cells assumed oligodendrocyte-like morphologies and stained for O4 and myelin basic protein (MBP) ( Figure 3F ). Importantly, the cells remained tripotent at P5 and P10 (Figure 3G) . Thus, iNSCs could be generated from adult, nonneural crest-derived cells and had similar molecular features as lines generated from embryonic fibroblasts.
Conversion of B Lymphocytes to iNSCs
Because the liver contains numerous distinct cell types, the molecular identity of the iNSC donor cell remains unknown. To determine whether iNSCs could be induced from a well-defined cell type like B lymphocytes, spleen and bone marrow (BM) cells were isolated from a 14F-iPS chimera and cultured for iNSC formation. Multiple Sox2-GFP expressing iNSC lines were generated upon dox induction, whereas none were derived from control-treated cultures ( Figure 4A ). These iNSC lines had typical NSC morphologies and stained for NESTIN and PAX6 ( Figure 4B ; data not shown). qPCR analysis confirmed that BM-and spleen-derived iNSCs endogenously expressed the neural transcripts Brn2, Sox2, Sox3, Nestin, Ncan, and Olig2, but not blood cell-associated genes Pu.1 (Spi1) or Pax5 (Figure 4C) . To test the multipotency of these cells, BM-and spleen-derived iNSCs were subjected to differentiation analysis. Similar to previously described iNSCs, these lines could produce TUJ1 + and MAP2 + neurons, GFAP + astrocytes, and O1 + and O4 + oligodendrocytes ( Figures 4D and  S4A; data not shown). Finally, whole-cell patch clamp recordings showed that BM-derived iNSCs could differentiate into neurons with excitable membrane properties, such as the expression of voltage-gated ion channels and the ability to generate an action potential ( Figure 4E ) (note that spleen-derived iNSC neurons were not assessed for membrane properties).
The identity of donor B lymphocytes can be retrospectively ascertained by the DNA rearrangements that occur during maturation (Jung et al., 2006) . To determine whether any of the BM-or spleen-derived iNSC lines were induced from a B cell, we isolated genomic DNA and performed PCR analysis for rearrangements of the heavy and light chain immunoglobulin loci ( Figure S4B ). Analysis of BM-derived line BM-iNSC #1 revealed one D H -J H rearrangement that was confirmed by sequencing ( Figures 4F and 4G) , which is consistent with this line being derived from a Pro-B cell (Hardy and Hayakawa, 2001) . Spleen-iNSC #3 had two heavy-chain rearrangements-one productive in-frame V H -DJ H and a second D H -J H rearrangement-in addition to a productive Igk light-chain locus rearrangement ( Figure 4F ). The PCR bands were excised, and sequencing confirmed that a donor cell for this iNSC line was a mature B lymphocyte ( Figures 4H and S4C) (Hardy and Hayakawa, 2001) . Thus, these results confirm that multipotent iNSCs were derived from immature and mature B cells by transdifferentiation.
DISCUSSION
The results described here, using the efficient secondary system to induce transdifferentiation, show that multipotent self-renewing NSCs can be directly derived from a variety of adult somatic donor cells. Our data extend previous reports in three important aspects: (1) Previous studies used heterogeneous MEFs as the donor cell population, which may have contained neural-derived cells. Thus, these data did not exclude the possibility that the iNSCs were derived by outgrowth of these neural cells stimulated by the culture conditions and transduced factors. Here we unambiguously demonstrate, based on immunoglobulin loci (F) Immunostaining for Liver-iNSC #1-derived neurons (MAP2, TUJ1), astrocytes (GFAP), and oligodendrocytes (O4 and MBP) after 10-14 days of differentiation. Differentiation was assayed at passages 2, 5, and 10. The scale bar represents 10 mm. (G) Whole-cell recording from a Liver-iNSC #1-derived neuron patched in a culture differentiated for 4 weeks and that showed evoked action potentials in response to injected current (top) and low-amplitude voltage-gated currents (bottom). Arrow points to low amplitude, voltage-gated, transient inward currents. See also Figure S3 .
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Direct Lineage Conversion to Neural Stem Cells (C) qPCR analysis of NSC (left) and blood (right) marker gene expression in primary spleen, control NSCs, iNSC-14F, and secondary iNSCs derived from BM (BM-iNSC #1) and spleen (Spleen-iNSC #1-3) (iNSCs at P2). Relative expression is normalized to Gapdh for each cell type, and the error bars represent SD (n = 3 technical replicates).
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Direct Lineage Conversion to Neural Stem Cells rearrangement as a retrospective genetic marker, that iNSCs can be directly derived from B lymphocytes and from adult liver cells. (2) The maintenance of the iNSC state in previous reports was dependent on the continuous expression of the inducing transcription factors. In contrast, the iNSCs described here are independent of transgene expression. (3) An extensive chromatin and gene expression analysis showed that globally the gene expression and epigenetic states are highly similar to that of control NSCs, and thus, the endogenous NSC regulatory network has been stabilized.
Adult somatic cells have been directly reprogrammed to mature neurons (Vierbuchen et al., 2010; Marro et al., 2011; Son et al., 2011) . However, since these cells are postmitotic, it is difficult to obtain large numbers of cells required for transplantation therapy. The direct conversion of readily accessible adult somatic cells to NSCs is of clinical significance since NSCs can proliferate and thus allow the generation of large quantities of neurons and glia that could be used for eventual transplantation therapy.
EXPERIMENTAL PROCEDURES iNSC Reprogramming
For the generation of iNSCs, transduced MEFs were grown for 4 days in MEF medium supplemented with 2 mg/ml dox (Sigma), then in neural induction medium (N2 medium [Okabe et al., 1996] plus 10 ng/ml EGF [R&D Systems], 10 ng/ml bFGF [Sigma], 1 mg/ml laminin [Life Technologies], and 2 mg/ml dox) for 2 to 3 weeks before the addition of ITSFn selection medium (Dulbecco's modified Eagle's medium/F-12 medium containing insulin [25 mg/ml], transferrin [50 mg/ml], sodium selenite [30 nM], fibronectin [5 mg/ml; Sigma], and penicillin/streptomycin [100 mg/ml; Life Technologies]) (Okabe et al., 1996) , which included dox for the first 4 days. After 10 days in ITSFn (6 days after dox withdrawal), the cells were dissociated and replated onto plates coated with polyornithine (15 mg/ml; Sigma) and laminin (1 mg/ml) and subsequently cultured in neural expansion medium (N2 supplemented with 20 ng/ml EGF, 20 ng/ml bFGF, and 1 mg/ml laminin). Sox2-GFP + cells were sorted directly into polyornithine and laminin-coated plates and split at confluence for P1. All animal procedures were performed according to NIH guidelines and were approved by the Committee on Animal Care at MIT.
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